Current theories state that the hippocampus is responsible for the formation of memory representations regarding relations, whereas extrahippocampal cortical regions support representations for single items. However, findings of impaired item memory in hippocampal amnesics suggest a more nuanced role for the hippocampus in item memory. The hippocampus may be necessary when the item elements need to be bound within and across episodes to form a lasting representation that can be used flexibly. The current investigation was designed to test this hypothesis in face recognition. H.C., an individual who developed with a compromised hippocampal system, and control participants incidentally studied individual faces that either varied in presentation viewpoint across study repetitions or remained in a fixed viewpoint across the study repetitions. Eye movements were recorded during encoding and participants then completed a surprise recognition memory test. H.C. demonstrated altered face viewing during encoding. Although the overall number of fixations made by H.C. was not significantly different from that of controls, the distribution of her viewing was primarily directed to the eye region. Critically, H.C. was significantly impaired in her ability to subsequently recognize faces studied from variable viewpoints, but demonstrated spared performance in recognizing faces she encoded from a fixed viewpoint, implicating a relationship between eye movement behavior in the service of a hippocampal binding function. These findings suggest that a compromised hippocampal system disrupts the ability to bind item features within and across study repetitions, ultimately disrupting recognition when it requires access to flexible relational representations.
Introduction
Numerous neuropsychological and neuroimaging studies point to a critical role for the hippocampus in memory for associations among distinct items (relational binding) and for medial temporal lobe (MTL) cortices for the items themselves (Cohen and Eichenbaum, 1993; Brown and Aggleton, 2001; Davachi, 2006; Montaldi and Mayes, 2010) . However, despite reports of relative sparing of item memory in hippocampal amnesics, significant impairments have been observed (Stark and Squire, 2003; Aly et al., 2010; Smith et al., 2014) , necessitating further examination of the relationship between hippocampal integrity and item memory.
It has been proposed that hippocampal representations have inherent flexibility, as relations are stored separately from the items themselves, thereby allowing for the retrieval of the constituent elements through multiple routes (Cohen and Eichenbaum, 1993) . By contrast, MTL cortex lacks neuroanatomical properties to create flexible memory representations, limiting cortical-based reactivation through subcomponents of the previously stored memories (Eichenbaum et al., 2007) . As a result, the formation of and access to cortical-based item representations are limited when items are physically manipulated across presentations. Thus, we propose dual routes to the formation of item memories: one conjunctive/configural representation that is relatively inflexible and supported by the MTL cortex (Bussey and Saksida, 2002; Moses and Ryan, 2006) , and a separate relational representation that is flexible, supported by the hippocampus, and contains information regarding relations among features within an item (Jonides et al., 2008) and among item information presented across repetitions (Eichenbaum and Cohen, 2001) . We predict that either cortical or hippocampal representations can support memory across identical item repetitions, whereas the latter would be critically required to support performance when instances of an item are varied. Consistent with this notion are findings of impaired recognition in hippocampal amnesic cases for object locations or scenes that have been shifted in perspective from the study to test phase (Holdstock et al., 2000; King et al., 2002; Taylor et al., 2007) .
The present work examined the extent to which the hippocampus is critical for the development of viewpointindependent item representations, just as it has been shown to be critical for viewpoint-independent spatial representations (O' Keefe and Nadel, 1978) . The developmental amnesic case H.C., who experienced abnormal hippocampal and mammillothalamic tract development but presents with volumetrically normal MTL cortex (Olsen et al., 2013) , and demographically matched controls were tested on a recognition memory paradigm in which the viewpoints of faces were manipulated across study repetitions and/or at test. If the hippocampus supports the binding of feature relations within an item and/or of multiple, physically manipulated, instances of an item, H.C. should demonstrate recognition impairments when face viewpoints are altered across study and/or test presentations. Eye movement data were obtained during the study phase to provide converging evidence regarding the role of the hippocampus in item memory. If the hippocampus supports the binding of features within items, differences in the visual sampling of-and transitions among-facial features between H.C. and controls should be observed. Such findings would reveal the conditions under which the hippocampus plays a critical role in item memory.
Materials and Methods
Participants. H.C. is a woman with developmental amnesia, aged 23 at the time of testing. H.C.'s bilateral hippocampal volume is significantly reduced (29.5% on the left and 31.2% on the right) compared with a group of age-matched, sex-matched, and education-matched controls (Olsen et al., 2013) . H.C.'s MTL cortices, on the other hand, are volumetrically normal. In fact, her left parahippocampal cortex was found to be marginally larger than that of the control group. While it was previously assumed that H.C. experienced a perinatal hypoxic episode associated with premature birth, a more recent examination of her neuroanatomical profile has indicated the possibility that abnormalities within the hippocampus and structures closely connected to it occurred prenatally, in early fetal development. In addition to the previously reported hippocampal volume loss, abnormal development of the extended hippocampal system is also evident, including aplasia of the mammillary bodies, atrophy of the anterior thalamic nuclei bilaterally, hypogenesis of the fornices, and abnormal hippocampal shape and orientation (Rosenbaum et al., 2014b) . These developmental abnormalities likely restrict hippocampal output, which may lead to greater impairment than expected given her relatively modest hippocampal volume decrease.
H.C.'s neuropsychological profile is well documented (Hurley et al., 2011; Rosenbaum et al., 2011;  Table 1 ). Her IQ is in the average range and she has relatively intact semantic memory but impaired episodic and public event memory (Rosenbaum et al., 2011) . She graduated from a mainstream high school and completed 2 years of postsecondary education.
H.C.'s performance was compared with that of 32 healthy control participants (24 female). The control participants were equivalent in age (mean, 23.28 years; SD ϭ 3.38, p two-tailed ϭ 0.94) and education (mean, 16.75 years, SD ϭ 2.42, p two-tailed ϭ 0.27). Due to technical difficulties, recognition data were not collected for three of the 32 control participants who participated in the study phase.
Apparatus, classification of fixations and transitions. Stimuli were presented on a 19 inch Dell M991 monitor (resolution 1024 ϫ 768) from a distance of 24 inches. Monocular eye movements were recorded with a head-mounted EyeLink II eyetracker (sample rate, 500 Hz; SR Research). Eye-movement calibration was performed at the beginning of the experiment, and drift correction (Ͼ2°), if needed, was performed immediately before the onset of each trial. Saccades were determined using the built-in EyeLink saccade-detector heuristic; acceleration and velocity thresholds were set to detect saccades Ͼ0.5°of visual angle. Blinks are defined as periods in which the saccade-detector signal was missing for Ն3 samples in a sequence. Fixations are defined as the samples remaining after the categorization of saccades and blinks. To further understand how participants directed their viewing to the faces during the study phase, the number of gaze transitions was calculated (Firestone et al., 2007; Hannula et al., 2010) . This analysis quantifies the number of times a participant shifted his/her gaze among the distinct regions of the face. Transitions were calculated in the following way: a transition occurred when an eye movement was made into or out of a particular facial feature (for description of the face-feature area of interest definition, see Stimuli and predefined areas of interest section below). This procedure was calculated to provide (1) the overall number of transitions per face, and (2) the number of transitions for each feature, separately. Note that in the latter analysis, the sum of the number of transitions for each feature may be greater than in the former analysis, given that an eye movement that originates in one facial feature and terminates in another will be included in the transition count for each feature separately. Finally, for each subject, the average number of transitions was divided by the average number of fixations to evaluate the rate of change among facial features relative to the total number of times a person gazed upon a particular location.
Stimuli and predefined areas of interest. Realistic, three-dimensional face/head models (80 female, 80 male) were created using FaceGen Modeler's Generate function (Singular Inversions). Computer-generated faces were used as experimental stimuli to enable the precise manipulation of viewing angle and to make contact with previous literature on face memory and amnesia. All faces were posed with a neutral expression or with a slight smile. A range of skin tones, eye colors, facial shapes (e.g., cheekbones, jawline), and feature shapes/sizes were used across the set of faces. Special skin textures, available with the FaceGen Modeler software, were used to increase realism.
Each face model (n ϭ 160) was captured in six different viewpoints: 0°( or front view), 5°, 10°, 15°, 20°, or 25°turned to the viewer's right, for a total of 960 images. Face images were cropped above the eyebrows, below the chin, and on the sides so that the top of the head, most of the neck, and the ears were not shown. The crop box used for each face viewpoint was identical; all images measured 316 (width) ϫ 405 (height) pixels. For all viewpoints, the top of the crop box was anchored to a horizontal position located ϳ15 pixels above the eyebrows.
To ascertain that the computer-generated faces were distinguishable as male or female, even without the presence of hair, gender ratings on each face were collected by a separate group of participants (n ϭ 12). These participants were able to accurately categorize both male (mean, 0.99; SD ϭ 0.01) and female (mean, 0.98; SD ϭ 0.02) faces.
Regions of interest (ROIs) were manually defined, a priori, for each face and for each viewpoint, separately. Face-feature ROIs were defined to for the eyes, nose, and mouth. Each ROI was rectangular in shape, and the size was held constant across all faces and viewpoints, and the placement of these ROIs was anchored to the location of each feature for a specific face. A single ROI was used for both eyes; it was placed inferior to the eyebrows and the size was 290 (width) ϫ 50 (height) pixels. The nose ROI was 120 (width) ϫ 100 pixels and care was taken to ensure that the width of the nose accommodated each face. The nose ROI was placed inferior to the eye ROI (which included the nasion). Thus, the nose ROI included the lower nasal bridge, nostrils, columella, and alar sidewalls. The size of the mouth ROI was 180 (width) ϫ 80 (height) pixels and contained the lower part of the philtrum in addition to the upper and lower lip.
Experimental design. The experimental testing session consisted of a study phase, during which faces were incidentally encoded and participants' eye movements were recorded, followed by a surprise recognition memory test phase. Eighty faces (half female) were repeated five times across the five study blocks (once per block). Each face was presented for 4 s and participants were asked to judge whether the face was male or female. Participants indicated their responses using a hand-held button box and response times (RTs) were recorded. Forty faces were presented Figure 1 . Task design. Left, The study phase consisted of five study blocks in which 80 faces were presented in each block. Each face was displayed for 4 s and participants made a gender judgment. Face viewpointwaseitherheldconstantacrossstudyblocks(fixedcondition)oradifferentviewpointwasshownineachstudyblock(variablecondition).Right,Surprisememorytestconsistedof80previouslystudied faces and 80 nonstudied faces. Among the previously studied faces, half were shown from a repeated viewpoint and half were shown from a novel viewpoint. For faces studied from variable viewpoints, the repeated viewpoint was the same as the viewpoint used in the fifth study block. Participants made a memory judgment using a five-point recognition confidence scale (1, sure new; 5, sure old).
in the identical viewpoint (fixed condition; Fig. 1 , top left) across the five study blocks and 40 faces were shown in five different viewpoints (variable condition; Fig. 1 , bottom left) across repetitions. For example, if a face was shown in the variable condition, a participant might see it from the following viewpoints: block 1, 5°rotated; block 2, 20°rotated; block 3, 25°rotated; block 4, 10°rotated; block 5, 0°rotated (front view). Faces were assigned to the fixed and variable conditions as counterbalanced across participants. The final study block was followed by a 5 min break, and then the recognition memory test was administered. During the recognition test, 160 faces were shown (80 previously studied and 80 nonstudied). Each face was presented for 3 s and participants judged whether the face had been previously presented in the study phase. Participants were instructed that some of the faces would be shown from different viewpoints than those that had been previously studied and to make their memory judgments based on face identity rather than viewpoint. Memory judgments were reported verbally to the experimenter using a five-point confidence scale (1, sure new; 2, probably new; 3, guess; 4, probably old; 5, sure old). Of the 40 faces that were presented in the fixed condition during the study phase, half were tested in the previously studied viewpoint (fixed-repeat viewpoint) and half were shown in a novel viewpoint (fixed-novel viewpoint). Novel viewpoints were selected so that they were 15°away from the studied viewpoint (e.g., if the studied viewpoint was 20°, the tested viewpoint was 5°). Of the 40 faces presented in the variable condition during the study phase, 20 faces were tested in the same view that was presented in the fifth study block (variable-repeat viewpoint) and 20 faces were tested in a novel viewpoint (variable-novel viewpoint). As in the fixed-novel viewpoint condition, the viewpoint of the test faces in the variable-novel viewpoint condition were 15°away from the viewpoint shown in the final study block. Repeat-viewpoint and novel-viewpoint test probes were counterbalanced across participants as were studied versus nonstudied faces.
Statistics. Repeated-measures ANOVA in SPSS (IBM, v. 20) was used to assess differences in performance for within-subject conditions (e.g., variable-viewpoint vs fixed-viewpoint conditions) within the control group. Modified t tests, which were developed for assessing differences between single cases and a sample population (Crawford and Howell, 1998; Crawford et al., 2010) , were used to assess statistical significance between H.C. and control participants. One-tailed tests were used when a specific a priori hypothesis predicted a difference between H.C. and controls as indicated below. The ␣ level was set to 0.05 to establish significance for all tests. Effect sizes are reported for both ANOVA and modified t test results using partial squared ( p 2 ) and z CC Ϯ 95% confidence interval (CI), respectively. To test for within-subject effects for H.C. (e.g., percentage of fixations to eyes for fixed vs variable views) bootstrapping was performed using the adjusted bootstrap percentile (BCa) method in R (R Studio 0.98.1049) with the package boot. This function was used to produce 95% CI (Efron, 1987; Davison and Hinkley, 1997; Canty and Ripley, 2014) .
Results

Study phase: behavioral results
H.C. has not exhibited obvious visual-perceptual difficulties and has previously demonstrated the ability to discriminate between highly similar faces when they are presented simultaneously (Rose et al., 2012) . Thus, no performance differences between H.C. and controls were expected during the incidental encoding task (male-female gender judgments) during the study phase. While H.C. performed as accurately as controls on the gender judgment task for faces shown in the fixed-viewpoint condition (Controls: mean, 0.98; SD ϭ 0.03; H.C.: mean, 0.94, p two-tailed ϭ 0.13; Fig. 2A , solid lines), she performed significantly worse than controls on the gender judgment for faces presented in variable viewpoints across study blocks [Controls: mean, 0.98; SD ϭ 0.03; H.C.: mean, 0.88, p two-tailed ϭ 0.004, z Ϯ 95% CI ϭ Ϫ3.16 (Ϫ4.00, Ϫ2.30); Fig. 2A, dashed lines] . Also, while control participants performed close to ceiling (between 97 and 98% correct) on the gender judgment task across the five study blocks, H.C.'s performance decreased slightly across blocks (from 95 to 90% correct on fixed-view trials and from 90 to 87.5% correct on variableview trials). This performance decrement was not significantly different from that of controls (fixed-view faces, p two-tailed ϭ 0.14; variable-view faces, p two-tailed ϭ 0.78), but may indicate a subtle buildup of interference, which adversely affected performance. Computational models have indicated a critical role for the hippocampus, especially the dentate gyrus, in minimizing interference (Marr, 1971; O'Reilly and McClelland, 1994) . We note that ceiling effects on the gender judgment performance may have obscured significant group differences.
As expected, for both H.C. and controls, RT decreased across the five study blocks for both fixed-viewpoint and variableviewpoint faces. The mean RT decrease for control participants from block 1 to block 5 was 86.91 ms (SD ϭ 185.45) for faces presented in the fixed condition and the mean decrease was 90.43 ms (SD ϭ 218.27) for faces presented in the variable condition (Fig. 2B) . The mean RT decrease from block 1 to block 5 for H.C. was 136.42 ms for the fixed condition and 66.32 ms for the variable condition. The RT decrease exhibited by H.C. did not significantly differ from that of controls in either the fixed ( p two-tailed ϭ 
Study phase: eye-movement results
First, a potential baseline viewing difference, as indexed by the total number of fixations to the face during the entire 4 s viewing period, between H.C. and controls was evaluated. On average, controls made 10.92 (SD ϭ 2.24) fixations to the entire face during the initial study block and H.C. made 11.91 fixations. This difference was not statistically significant ( p two-tailed ϭ 0.66). The proportion of fixations to the specific facial features was also investigated (Fig. 3) . Collapsing the data across block and viewpoint condition factors, control participants directed 36, 28, and 14% of their fixations to the eyes, nose, and mouth, respectively, and H.C. directed 68% of her fixations to the eye region and between 4 and 5% of her fixations to the nose and mouth. The proportion of fixations directed to the eye region between controls and H.C. was statistically significant ( p two-tailed ϭ 0.05; z Ϯ 95% CI ϭ 2.104 (1.47; 2.73), and viewing the nose and the mouth did not differ between H.C. and controls ( p two-tailed ϭ 0.12 for the nose and p two-tailed ϭ 0.27 for the mouth). Within the control group, there was a significant main effect of face feature (F (2,62) ϭ 15.81, p Ͻ 0.001, p 2 ϭ 0.34) and while the main effect of repetition was nonsignificant (F (4,124) ϭ 0.76, p ϭ 0.55) a significant repetition-by-feature interaction (F (8,248) ϭ 4.97, p Ͻ 0.001, p 2 ϭ 0.14) was found. This interaction was driven by the fact that the proportion of fixations directed to the eyes increased across blocks (from 31 to 38%) whereas the proportion of fixations to the other features either stayed the same (28% for the nose) or decreased (17 to 12% for the mouth) across blocks. In controls, there was no significant difference in viewing to individual features as a function of condition (fixed vs variable; F (1,31) ϭ 0.18, p ϭ 0.67) and no other interaction was significant. H.C. increased her viewing of the eyes upon repetition from the first to the fourth block (the proportion of fixations to the eyes increased across blocks from 68 to 77%) and then dropped to 58% for the final study block. She devoted fewer fixations to the nose (from 6 to 4%) and the mouth (from 8 to 3%) across the five study repetitions. The distribution of H.C.'s fixations to the facial features (collapsed across blocks) did not differ significantly between the fixed and variable conditions. This was tested by using a bootstrapping procedure to generate 95% CIs of the mean proportion of viewing for the eyes, nose, and mouth for fixed and variable conditions separately. The 95% CIs were overlapping for the eyes (fixed, 95% CI: 0.63, 0.70; variable, 95% CI: 0.64, 0.70), nose (fixed, 95% CI: 0.04, 0.06; variable, 95% CI: 0.04, 0.06), and mouth (fixed, 95% CI: 0.03, 0.05; variable, 95% CI: 0.04, 0.06).
The number of facial feature transitions (both into and out of the feature ROIs) was calculated for each participant to test whether H.C. made fewer transitions among the different facial features. The overall number of transitions (regardless of the particular face feature) was not significantly different between H.C. and controls (H.C.: mean, 4.85; controls: mean, 5.92; SD ϭ 1.26; p one-tailed ϭ 0.21). However, the transition-to-fixation ratio was significantly lower in H.C. compared with controls [H.C.: mean, 0.37; controls: mean, 0.51; SD ϭ 0.08; p one-tailed ϭ 0.05, z Ϯ 95% CI ϭ Ϫ1.71 (Ϫ2.25, Ϫ1.15)]. Finally, the number of transitions was computed for each facial feature, separately. The number of transitions into/out of the nose was significantly lower for H.C. compared with controls [H.C.: mean, 1.85; controls: mean, 3.53, SD ϭ 0.92; p one-tailed ϭ 0.04, z Ϯ 95% CI ϭ Ϫ1.83 (Ϫ2.39, Ϫ1.25)], but did not differ for the eyes (H.C.: mean, 3.15; controls: mean, 3.76, SD ϭ 0.96; p one-tailed ϭ 0.27) or mouth (H.C.: mean, 0.77; controls: mean, 2.00, SD ϭ 1.13; p one-tailed ϭ 0.15). Similarly, the transition-to-fixation ratio differed significantly for the nose (H.C.: mean, 0.15; controls: mean, 0.31, SD ϭ 0.06; p one-tailed ϭ 0.007, z Ϯ 95% CI ϭ Ϫ2.67 (Ϫ3.41, Ϫ1.92) but not for the eyes (H.C.: mean, 0.29; controls: mean, 0.27; SD ϭ 0.07; p one-tailed ϭ 0.39) or mouth (H.C.: mean, 0.05; controls: mean, 0.17, SD ϭ 0.10; p one-tailed ϭ 0.12).
Test phase: recognition results
Recognition memory performance was assessed by computing corrected recognition scores for each participant for each of the four test probe conditions: fixed-repeat viewpoint, fixed-novel viewpoint, variable-repeat viewpoint, and variable-novel viewpoint (Fig. 1) . Recognition responses were classified in the following way: "sure old" and "probably old" responses (i.e., when participants responded "5" and "4") to studied faces were classified as "hits"; "sure old" and "probably old" responses to unstudied faces were classified as false alarms; guesses (i.e., "3" responses) were seldom used (Table 2 ) and were not included in this analysis. Corrected recognition was calculated for each participant by subtracting the false-alarm rate from the hit rate. In controls, there was a main effect of test-probe type (F (1,28) ϭ 14.23, p ϭ 0.001, p 2 ϭ 0.34); repeated-viewpoint faces were endorsed as "old" more often than faces tested in a novel viewpoint (Fig. 4) . There was no main effect of study viewpoint condition (fixed vs variable; F (1,28) ϭ 0.98, p ϭ 0.33, p 2 ϭ 0.03); however, a significant interaction between the study viewpoint condition (fixed vs variable) and test-probe type (repeated vs novel viewpoint) was observed (F (1,28) ϭ 10.93, p ϭ 0.003, p 2 ϭ 0.28). This interaction resulted from a larger recognition advantage for repeated viewpoints for faces studied in the fixed condition compared with those studied in the variable condition. That is, recognition accuracy was higher for faces studied in the fixed condition and subsequently tested in the same view than when tested in a novel viewpoint (corrected recognition for same viewpoint: mean, 0.51; novel viewpoint: mean, 0.37); however, this same viewpoint advantage was not as pronounced for faces studied in the variable condition (corrected recognition for same viewpoint: mean, 0.45; novel viewpoint: mean, 0.41). These results converge with previous reports highlighting the viewpoint-dependent nature of memory for faces (Bruce, 1982; Longmore et al., 2008) .
Like controls, H.C.'s explicit recognition performance was superior for faces tested in a repeated viewpoint compared with faces tested from a novel viewpoint (Fig. 4, red bars) . However, her memory performance for faces studied from variable viewpoints across blocks (corrected recognition: mean, 0.125) was significantly less accurate than that of controls (mean, 0.43; SD ϭ 0.15, p one-tailed ϭ 0.03, z Ϯ 95% CI ϭ Ϫ2.033 (Ϫ2.67, Ϫ1.38). Her memory for faces studied from the same viewpoint across blocks (corrected recognition, 0.35) did not differ from that of controls (mean, 0.44; SD ϭ 0.16; p one-tailed ϭ 0.29). Using the standard established by Crawford et al. (2003) for a dissociation in performance among two tasks, H.C.'s pattern of performance on the two study conditions (fixed and variable) fulfils the criteria for a classical dissociation. That is, she falls within the range of her controls for fixedview faces and her performance is significantly impaired for variableview faces.
Paired comparisons between H.C. and controls for each of the four test-probe conditions (fixed-repeat viewpoint, fixed-novel viewpoint, variable-repeat viewpoint, variable-novel viewpoint) were also tested. On the variable-view faces, H.C.'s recognition performance was marginally less accurate than that of the controls for the variable-repeat viewpoint condition [p one-tailed ϭ 0.08, z Ϯ 95% CI ϭ Ϫ1.50 (Ϫ2.02, Ϫ0.96)] and significantly less accurate on the variable-novel viewpoint condition [p one-tailed ϭ 0.02, z Ϯ 95% CI ϭ Ϫ2.21 (Ϫ2.89, Ϫ1.53)]. For the faces studied from a fixed viewpoint, H.C.'s performance was not significantly different from that of controls in the fixed-repeat viewpoint condition (p one-tailed ϭ 0.27) or in the fixed-novel viewpoint condition (p one-tailed ϭ 0.34).
Discussion
Multiple accounts of MTL function posit that the hippocampus is critical for memory regarding the relations among items, whereas regions within the MTL cortex can support memory for single items (Cohen and Eichenbaum, 1993; Eichenbaum and Cohen, 2001; Davachi, 2006; Mayes et al., 2007; Montaldi and Mayes, 2010) . However, other theories posit that the hippocampus and MTL cortex are each critically involved in item memory (Squire et al., 2007) . Here, we show that a more nuanced interpretation is necessary when considering the role of the hippocampus and MTL cortex in item memory. Specifically, the current findings suggest that the hippocampus supports the flexible integration of item representations across different viewpoints, whereas extrahippocampal regions, including areas of MTL cortex, are sufficient for memory formation when the viewpoint of the items does not vary across repetitions, and may even support recognition across viewpoints after sufficient study repetitions. Moreover, hippocampal compromise affects the nature of on-line processing during item encoding likely to the detriment of subsequent memory for those items.
Face recognition has been studied extensively in amnesia. Several early investigations of face memory in amnesics of mixed etiology (e.g., temporal lobectomy, Korsakoff's syndrome, hypoxia) reported impairments in both long-delay and short-delay face recognition (Milner, 1968; Warrington and Taylor, 1973) . Corrected recognition (hit rate minus false alarm rate) is plotted separately by study condition (fixed vs variable) and test viewpoint (repeated vs novel). Control participants (dark bars) were significantly more accurate at recognizing test probes that were shown in a repeated viewpoint. Furthermore, the performance benefit for repeatedviewpoint test probes was greater for faces studied from the same (fixed) viewpoint compared with those studied from variable viewpoints. H.C.'s accuracy (red bars) was similar to that of controls for faces studied in the same viewpoint across blocks (fixedrepeat and fixed-novel), and worse than controls for faces studied in the differing viewpoints across blocks (variable-repeat and variable-novel) . Error bars reflect the 95% CI of the control group mean. Bird and Burgess, 2008) , leading some researchers to conclude that face memory is "special" and relies on extrahippocampal structures. Both adult-onset and developmental amnesic cases with selective hippocampal damage showed greater memory impairments for scenes, buildings, and words compared with faces. The current results converge with and extend this literature. H.C.'s recognition of faces studied consistently from the same viewpoint was similar to that of controls. This suggests that areas outside of the hippocampus are sufficient to support memory under testing conditions in which items retain the same format across repetitions. However, her relatively poor recognition of faces studied from variable views lends insight into the underlying computations that require the hippocampus to support item memory. Namely, the relational binding requirements inherent to the task determine the extent of hippocampal system involvement in item memory, and the extent of the impairment in amnesia. In addition to H.C.'s impaired recognition judgments, the differences in gender judgments in her on-line viewing behavior suggest a role for hippocampal involvement during item encoding. H.C.'s gender judgments were less accurate than that of controls and decreased across blocks. Significant differences in the distribution of fixations and rate of transitions among facial features were observed between H.C. and controls during the study phase. H.C. primarily restricted her viewing to the eye region, and her eye movements did not transition into the nose region as often as those of controls. H.C.'s compromised hippocampal system and corresponding binding deficits have consequences for the way she processes complex items, such as faces, biasing her to direct encoding toward a single feature or "item" rather than on the relations among the "items." This may be an intentional strategy used by H.C., but again, this strategy shift would presumably occur in response to a binding deficit brought on by reduced hippocampal function. Nevertheless, H.C.'s subsequent memory performance cannot be solely attributed to the amount of information encoded relative to her controls. If the amount of information encoded were the critical dimension in determining memory performance, she should have demonstrated impaired performance on all memory probe types; rather, she shows a specific recognition deficit for faces that were studied from variable viewpoints. Together, this evidence suggests that representations formed by the hippocampus play a role in guiding ongoing perceptual processing, consistent with recent proposals regarding the wider reach of hippocampal function in cognition (Lee et al., 2012; Olsen et al., 2012) .
H.C.'s intact recognition of faces in the fixed-novel viewpoint condition has implications for the specific types of representations mediated by the hippocampus and MTL cortex. We propose that study repetitions gradually "tune" the MTL item memory representations; and tuning occurs more readily when the viewpoint is fixed across study repetitions than when it changes. The tuning process is thought to result in a "sharpening" or "pruning" of the cortical representation until it contains only the most relevant features of the item (Desimone, 1996; Wiggs and Martin, 1998; Grill-Spector et al., 2006) . This sharpened representation may even be sufficient to support recognition of faces that are presented from a different viewpoint at test. However, these sharpened representations do not enable recognition through flexible knowledge of the spatial relations among facial features (as would otherwise be afforded rapidly by the hippocampus); instead, they enable recognition either through (1) identification of the most relevant facial features (feature-based processing) or (2) the extrapolation/generalization of different viewpoint representations based on the stored representation (Bülthoff and Edelman, 1992) .
Recognition can be affected by test-related factors; in particular, test format and lure type may determine whether impaired or intact performance is observed in amnesic individuals. For example, Taylor et al. (2007) described hippocampal amnesics who showed intact face recognition even for novel-view faces, despite the fact that they only studied the face once, precluding a "slow-learning" response as described above. Because their study used a forced-choice test format, participants could have achieved intact performance through the assessment of relative stimulus novelty among the studied and novel lure items, which were simultaneously presented. Intact performance as reported by Taylor and colleagues and as observed on the fixed-view condition of the current study may have occurred for different reasons: novelty detection versus a "slow-learning" generalization or feature-based recognition.
In addition to test format, face-recognition performance in amnesia may vary depending on the type of memory lure used during the test phase. For example, recognition following brief (8 s) delays was impaired in H.C. when the lures were composed of "morphed" faces and therefore differed from the studied faces in subtle ways instead of comprising an entirely new face identity (Ezzyat and Olson, 2008; Rose et al., 2012) . This experimental manipulation reduces the ability to use novelty detection, and likely required hippocampal memory representations to support detailed knowledge of spatial relations among facial features. By contrast, Race et al. (2013) reported that short-delay recognition performance was intact in hippocampal amnesics when novel faces were used as lures in the test phase (see also, Shrager et al., 2008) . Successful performance in the Race et al. (2013) study could occur through detection of a previously viewed feature, the maintenance of an inflexible configural face representation, or novelty detection. In summary, the extent to which the hippocampus supports item memory may depend on a variety of factors across study and test phases.
H.C. performs normally on tests of processing speed; tests of visual attention (Table 1; Hurley et al., 2011) ; tests that require inspection of faces, such as standard theory of mind tests (Rabin et al., 2012) ; and tests that involve imagining the experiences of unfamiliar others' depicted in real-life photos (Rabin et al., 2013) . H.C. also performs within the normal range on the Benton Facial Recognition Test (Benton et al., 1994) , which requires matching face identity among different faces presented simultaneously across different viewpoints; however, that task can be performed with a feature-matching strategy (Duchaine and Weidenfeld, 2003; Duchaine and Nakayama, 2004) . Therefore, we attribute differences in H.C.'s viewing behavior to an inability to form integrated, flexible memory representations for faces studied from variable views across repetitions. Together with evidence implicating the hippocampus in the binding of relations that are nonspatial in nature (Rickard et al., 2006; Konkel et al., 2008; Moses et al., 2008 ), the impairments observed in H.C. likely reflect a general relational binding deficit as opposed to a specific deficit in processing spatial information present in faces.
The recognition and eye-movement data from H.C. provides unique insight into the broad impact of hippocampal compromise on cognition, adding to the body of literature in which single-case studies have informed our understanding of brainbehavior relationships (Rosenbaum et al., 2014a) . As with any case study, careful consideration of issues that are inherent to single-case studies must be heeded and converging evidence from additional hippocampal amnesics must be obtained for the for-mation of definitive conclusions. It is also important to note that H.C. has developmental, as opposed to adult-onset, amnesia, which may produce unique patterns of results.
Nonetheless, these results suggest that the hippocampus is necessary for item memory when performance critically requires across-repetition binding of physically modified items, and/or the formation of flexible associations among the elements within an item. These findings speak to the long-standing conflicting views regarding whether the hippocampus is critical for item memory-providing intriguing new evidence for the view that the hippocampus is necessary for item memory specifically when relational representations are necessary to support performance.
